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SUMMARY 


Seven configurations of specimens made of 2024 and 7075 aluminum 
alloys in both rolled and extruded form were subjected to repeated axial 
loads until fatigue cracks of various lengths were formed. The specimens 
were then subjected to static tests to determine the residual static 
strength. Small cracks resulted in disproportionately large reductions 
of static strength, the reduction being greater for 7075 than for 
2024 aluminum alloy. A simple method of analysis which predicts the 
observed results is developed and described. 


INTRODUCTION 


The high effective stresses occurring in modern aircraft structures 
and the nonexistence of the endurance limit for the aluminum alloys from 
which the structures are built preclude any hope for infinite life. Since 
fatigue cracks are practically inevitable, the designer and the operator 
require information regarding the remaining strength of parts containing 
such cracks. The literature contains very little information on properties 
of aircraft structural parts containing fatigue cracks. In general, the 
available information indicates that a very large loss of static strength 
may be expected in some cases. 

In order to supply more of such information, the Langley Laboratory 
of the NACA has begun a systematic study of the effects of fatigue cracks 
on the static strength of simple specimens. Tests have been conducted on 
several configurations of specimens made of 2024 and 7075 aluminum alloys 
in both rolled and extruded forms. 


-‘-Supersedes NACA Research Memorandum L55D15a by Walter Illg 
and Herbert F, Hardrath, 1955 • 
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The first part of this paper presents the results of the experimen- 
tal investigation. Comparisons between characteristics of the materials 
and specimen configurations are made. The second part of the paper pre- 
sents a simple method of analysis which was developed to predict the 
static strength of specimens containing fatigue cracks. The method is 
based upon calculation of the maximum local stress in the specimen. The 
elastic stress concentration factor for the configuration is computed 
according to the theory of elasticity. The elastic factor is then modi- 
fied for size and plasticity effects according to methods proposed by 
Neuber (ref. 1) and Stowell (ref. 2). The required material constants 
were determined experimentally or adjusted empirically. 

Appendix A outlines the details of computing stress concentration 
factors for configurations for which no straightforward solution exists. 
Appendix B discusses the appearance of the failure surfaces of the 
specimens. 


SYMBOLS 


a half -width of net section, in. 

A area of net section, sq in, 

A q minimum cross-sectional area of specimen without fatigue cracks 

or saw cuts, sq in. 

e eccentricity, in. 

E Young's modulus, ksi 

E secant modulus, ksi 

sec ’ 

( E s ) secant modulus for material remote from hole, ksi 


E u secant modulus corresponding to point of maximum stress on 

stress-strain curve, ksi 

E n secant modulus for nominal stress on net section, ksi 

k 

I moment of inertia, in. 

K-p elastic stress concentration factor for a deep notch 

K,-, elastic stress concentration factor for a shallow notch 


NACA TN 3816 


3 


Ky 

% 

K p 

Ku 

M 

P 

R 

S 

S u 

t 

p 

Pe 

P* 


a 

max 

03 


elastic stress concentration factor for a notch of arbitrary 
depth 

Neuber "engineering" stress concentration factor 
plastic stress concentration factor 


stress concentration factor for ultimate tensile strength 

moment , in- lb 
axial load, lb 


load ratio. 


Minimum load 


Maximum load 
nominal stress on net section 
maximum load divided by A Q , 


, ksi 
ksi 


ultimate tensile strength of material, ksi 


depth of notch or crack, or half-length of internal notch, in. 
radius of curvature, in. 
effective radius of curvature, in. 


Neuber material constant, in. 

Neuber material constant for ultimate tensile strength, in. 
maximum local stress, ksi 
included angle in notch, radians 
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EXPERIMENTS 


Description of Specimens 

Configuration .- Seven configurations of specimens made from two 
aluminum alloys were tested in this investigation and are as follows: 


Specimen 

Figure 

Material 

Size 

Type of notch 

Aluminum 

alloy 

Form 

Size 

2 ^ inches wide 

Edge notch 

1 

2024-T3 
2024-T4 
7075 -T 6 
7075-T6 

Sheet 

Extruded H 
Sheet 

Extruded Z 

0.081 and 0.090 inch thick 
0.125 inch thick 
0.090 inch thick 
0.102 and 0.125 inch thick 

12 inches wide 

Edge notch 

2 

2024-T3 

7075-T6 

Sheet 

Sheet 

0.081 inch thick 
0.075 and 0 . 08 l inch thick 

12 inches wide 

1-inch hole 

2 

2024-T3 

7075-T6 

Sheet 

Sheet 

0.081 inch thick 
0.075 inch thick 

35 inches wide 

1 -inch hole 


2024-T3 
7075 -t 6 

Sheet 

Sheet 

0.102 inch thick 
0.102 inch thick 

3 A Inch thick 
by 2 inches wide 

lA-inch hole 

3 

2024 -T4 
7075-T6 

Rolled bar 
Extruded bar 

3 A inch thick by 6 inches wide 
3 A inch thick by 6 inches wide 

3 A inch thick 
by 4 inches wide 

l/ 8 - inch tangs 
with 1 A- inch holes 

3 

2024-T4 

7075-T6 

Rolled bar 
Extruded bar 

3 A inch thick by 6 inches wide 
3 A inch thick by 6 inches wide 

3 A inch thick 
by 4 inches wide 

1 A “inch tangs 
with lA-inch holes 

3 

2024-T4 

7075-T6 

Rolled bar 
Extruded bar 

3 A inch thick by 6 inches wide 
3 A inch thick by 6 inches wide 


In all cases, the faces of the specimens were left as received. The 
notches were cut by normal machining techniques with no special effort to 
minimize work hardening. The longitudinal axis of each specimen was 
parallel to the grain direction. 

Material. - Tensile specimens were prepared according to the standards 
presented in reference 3 from each of the sheets and bars used in this 
investigation. Tensile tests were performed in the usual manner using 
autographic stress-strain recording equipment. Dial-gage extensometers 
were used to measure strains larger than those accommodated by the auto- 
graphic equipment. The tensile properties thus obtained are summarized 
in table I. Typical stress-strain curves for each material are given in 
figure 4. The properties measured indicate that the materials were at 
least as strong as the minimum values listed in reference 4. 

The photomicrographs shown in figure 5 were made of the material 
used for the small specimens shown in figure 1. The photomicrographs 
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indicate a normal and uniform grain structure for the sheet materials. 

The 2024 -T4 extruded material shows considerably larger grain size with 
some tendency for grains to be very long in the longitudinal direction. 

No indication of grain boundaries was found for the 7075-T6 extruded 
material even though it was subjected to several different etching agents. 


Testing Procedure 

“ inch -wide specimens.- The small specimens (fig. 1) were subjected 

to repeated tension loads in 20 , 000-pound-capacity subresonant fatigue 
testing machines. (See ref. 5.) The speed of load application was 
1,800 cpm and the initial nominal stress varied between approximately 5 
and 30 ksi. Fatigue-crack detector wires (ref. 6) were applied across 
the critical section of the specimen at intervals of approximately 
0.1 inch. The wires nearest the bases of the notches were connected in 
series with the coil of a relay which stopped the machine when one of 
the wires failed. Whenever cracks of greater length were desired, the 
next wire was connected to the stopping circuit and the machine was 
restarted with the load amplitude arbitrarily reduced by one-half in 
order to control the rate of crack growth and to prevent failures due to 
fatigue action alone. This process was repeated with the load amplitude 
reduced each time until a crack of the desired length had formed. In 
most cases, approximately 100,000 cycles of load were required to initiate 
the fatigue crack. In nearly all cases, only one crack was formed. 

The specimens containing fatigue cracks were removed from the fatigue 
machines and placed under a toolmaker's microscope to measure the length 
of crack visible on each face. The area of the crack was determined by 
multiplying the average length by the thickness of the specimen. Each 
specimen was then subjected to steadily increasing tension load until 
failure occurred. This test was performed in a 120,000-pound-capacity 
hydraulic testing machine (ref. 7) equipped with grips similar to those 
used in the fatigue testing machines (ref. 5). The free length between 
grips during both the fatigue loading and the static test was 111 inches. 

Since most of the 2l - inch-wide specimens contained only one fatigue 

crack, the static load was applied eccentrically with respect to the 
remaining net section. In order to study the effect of the eccentricity 
on the strength, some of the specimens were modified prior to static 
testing to reduce the eccentricity. The modifications were accomplished 
in two ways: In the first method, a longitudinal strip of material was 

removed (rig. 6) such "that "the depth of the crack, measured from the new 
edge, equaled the depth of the notch on the other side. In the second 
method, a jeweler's saw was used to make a cut equal in depth to that of 
the fatigue crack in the opposite notch. 
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A few specimens were tested with jeweler's saw cuts of equal size 
on both sides of the specimen. These specimens were tested with no 
repeated loads applied in order to determine whether saw cuts could be 
used to simulate fatigue cracks. 




Vr" 


12-inch-wide specimens .- The 12-inch-wide sheet specimens shown in 
figure 2 were subjected to repeated axial loads varying between 0 
and l)-5 ksi in the hydraulic testing machine described in reference 7* 
The loads were cycled automatically by an air servomechanism which was 
actuated by limit switches attached to the lower grip of the machine. 
The average speed of cycling was 8 cpm. 


The grips used for these tests were flat plates securely fastened 
to the head and loading ram of the testing machine. Five 1-inch bolts 
were used to clamp the specimens in each grip. The portions of the 
faces of the specimen that were clamped inside the grips were roughened 
with a multiple -point chisel driven by a small rivet gun. The clamping 
pressure in the grips forced the roughened surfaces of the specimen to 
embed into plastic liners placed between the specimen and the grips. 

This procedure gave uniformly secure clamping over the entire width of 
the specimen. 

As in the case of the smaller specimens, fatigue-crack detector 
wires stopped the machine automatically at intervals during the test. 

The load was reduced in increments as the crack grew to the desired 
depth. Whenever deep cracks were desired, the time required to produce 
the crack was reduced by making a jeweler's saw cut before the repeated 
loads were applied. In these cases, the crack was always extended at 
least l/4 inch by repeated loading. 

After the crack had grown to the desired length, the specimens were 
subjected to static tensile tests without removing them from the grips. 
The exact length of the fatigue crack was measured after static failure. 
In each case, the part of the fracture surface produced by fatigue had a 
lighter color and a smoother texture than the part which was produced by 
static failure. 


In order to establish the behavior of specimens with very sharp, 
but known, radius of curvature, four auxiliary tests were performed. 

The specimens for these tests were made from 12-inch by 38-inch sheets 
like those shown in figure 2, except for the notches. One specimen of 
each material had 60° V-notches 2 inches deep on each edge. The root 
radius was 0.005 inch which gave a theoretical stress concentration fac- 
tor of 27. (See ref. 1.) Another specimen of each material had notches 
with parallel sides. A jeweler's saw was used to produce a cut 1^. inches 

deep. A fine thread coated with valve grinding compound was then used to 
extend this cut to a depth of 2 inches. The thread and grinding compound 
produced a reasonably round notch root with a 0.005-inch radius. Because 
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of the gentle action of this procedure , the material surrounding the 
root of the notch was expected to be fairly free of residual stress. 

35-inch-wide specimens .- The 35-inch-wide specimens were subjected 
to repeated and static loads in the Langley 1,200,000-pound-capacity 
testing machine. The cycling was done manually and varied between zero 
and the maximum stress that could be applied without danger of premature 
failure. The cycling speed was approximately 3 cpm. Because of the 
greater amount of time required to produce cracks in these specimens, 
saw cuts were made in most specimens before cyclic loads were applied. 
However, the crack was always extended at least l/4 inch by repeated 
loading. Cracks shorter than l/4 inch were, of course, made without 
saw cuts. 

The grips for these tests were flat plates clamped to the specimens 
with 31 bolts in each end. Each grip was fastened to the testing machine 
by a clevis and pin. Since the cracks grew from a central hole and were 
usually approximately symmetrical, the pin-ended grips should have acted 
essentially the same as grips restrained against rotation. As in the 
case of the 12-inch-wide specimens, the gripped ends of the specimens 
were roughened and plastic liners were used in the grips. 

3/4-inch-thick specimens .- Specimens made from 3/4- inch-thick bar 
stotk (fig. 3) were tested in the same grips and machine used for tests 
of 12-inch-wide sheet specimens. These specimens were subjected to 
repeated loads varying between 40-ksi tension and 30-ksi compression. 
Reversed loads were applied to these specimens to make the cracks grow 
faster. The column strength of the specimens was great enough to sup- 
port the compression load without guides. 

The maximum tension limit was reduced periodically as the crack 
grew in order to lessen the chances of premature failure; the compres- 
sion limit was not reduced. The compression loads tended to produce 
fretting corrosion products on the surfaces of the fatigue cracks which 
helped to identify the crack boundary after failure. The contour of the 
fatigue crack was usually irregular and the area was measured with a 
planimeter after failure. 

As described previously for the 12-inch-wide specimens, saw cuts 
were made to reduce the time required to make deep cracks. Again, in 
these cases the cracks were always extended at least l/4 inch by the 
cyclic loading. 


Results and Discussion 


General observations .- The test results are presented in tables II 

to VI and are plotted in figures 6 to 14. In the presentation of the 
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data, the strength of the cracked specimen was defined as the maximum load 
divided by the area of the original net section. This stress is expressed 
as a percent of the ultimate tensile strength of the material (as deter- 
mined in tests of standard tensile specimens) and plotted as the ordinate 
in these figures. The abscissa is the percentage of the original net area 
which was lost as a result of fatigue cracks and saw cuts. The diagonal 
dashed line in each figure represents the strength which would be obtained 
if no stress concentration were present in a cracked specimen. The theo- 
retical curves in each of the figures are explained in the analysis section. 

The results of static tests of specimens with notches or holes but 
without cracks are plotted as solid test points in each figure. For a 
given configuration, the strength of these 2024 aluminum-alloy specimens 
was a smaller percentage of the ultimate tensile strength of the material 
than was the case for the 7° 75 aluminum-alloy specimens. The strength of 
specimens with notches or holes sometimes exceeded the static strength of 
the material. In these cases, the increase in strength of 7075 specimens 
was generally greater than that of 2024 specimens. 

Small fatigue cracks produced rather large decreases in static 
strength. Generally, the percentage reduction in strength of the 
7075 specimens is more than that of 2024 specimens for all lengths of 
fatigue cracks. 

2^- inch-wide specimens.- Examination of data in figures 6 to 9 

reveals that for small specimens of a given alloy, there was no significant 
difference between the behaviors of sheet and extruded material, even 
though the grain structure was quite different (fig. 5). 

Efforts to remove the effects of eccentricity resulted in improved 
strength in nearly all cases. The effect was, of course, more pronounced 
for specimens containing large cracks where the eccentricity was greatest. 

In each of the materials, the two methods of reducing the eccentricity 
(that is, removal of material from the cracked side or making a saw cut 
on the opposite side) produced similar results. 

Tests of specimens with double saw cuts resulted in strengths slightly 
higher than tests of fatigue -cracked specimens with eccentricity removed. 

The number of tests may be too small to justify a definite conclusion, 
but the result was consistent for the cases investigated. 

12-inch-wjde specimens .- The results of tests on sheet specimens 
12 inches wide (fig. 10) indicated a significantly greater reduction in 
static strength for a given percentage of net area lost by fatigue cracking 
than did results of tests on smaller specimens. For 7075-T6 aluminum alloy, 
the strength of specimens with edge notches was affected more by cracks than 
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was the strength of specimens with central holes. The eccentricity intro- 
duced by two cracks of unequal length was evidently more important in speci- 
mens with edge notches. This same eccentricity also affected the rates of 
propagation of the fatigue cracks with the result that the two cracks 
in a given specimen with edge notches were not likely to be equal in 
length . 

33-inch-wide specimens .- For the conf igurations tested, the reduc- 
tion in static strength due to fatigue cracks penetrating a given per- 
centage of the original net area was greatest for the 35-inch-wide sheet 
specimens (fig. 11). In the worst case, a 7075-T6 specimen with 23.3 per- 
cent of its cross section failed experienced a loss of 81.4 percent of the 
static strength of the material. This loss is equivalent to a stress con- 
centration factor of 5.4 based on original net area or 4.2 based on 
remaining net area. 

When specimens with large fatigue cracks were tested statically, the 
middle of the specimen tended to buckle out of the plane of the sheet. 

This buckling was presumably due to the transverse compression forces com- 
monly found near holes at the ends of the diameter parallel to the applied 
force. In an effort to investigate the importance of this buckling, guides 
made of wood were applied to one specimen of each of the two materials. 

This resulted in approximately 25 percent increase in strength in each 
case. (See fig. 11.) 

3 /4-inch -thick specimens .- Among the conf igurat ions tested, the 
3/4-inch-thick specimens with central holes experienced the smallest 
reduction in static strength due to a given percentage loss of net area. 

(See fig. 12.) The superior strength can probably be attributed to two 
factors: First, these specimens were the narrowest specimens tested and, 

second, the cracks usually grew practically symmetrically from the center. 
Eccentricities which caused greater reductions in strengths for other con- 
figurations were not present to any significant extent in these specimens. 

The least consistent set of data was obtained from tests of specimens 
with tangs. (See table V and figs. 13 and 14.) In these specimens, cracks 
grew in two directions from each of two holes with the result that the 
amount of eccentricity present varied erratically from specimen to speci- 
men. In some cases, the crack was encouraged by saw cuts to grow on one 
side only in an attempt to produce the most eccentric case possible for 
this configuration. The two different thicknesses of tangs contributed 
two different percentage losses in net area for a given c rack length. 

Static failure in all cases but three was sudden when the maximum 
load was reached. The three specimens not conforming to the normal behav- 
ior failed in two stages. One of the tangs failed suddenly at a load 
somewhat lower than that which finally caused failure of the entire speci- 
men. Both loads were recorded and are indicated in table V(d). The higher 
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of the two loads was greater than appeared consistent with the test results 
for other specimens of this type and was not plotted in figures 13 and 1^. 


ANALYSIS 


As shown by the experimental results, the residual static strength 
of a specimen containing a fatigue crack may vary considerably, depending 
upon the type of specimen, the extent of the crack, and the material. The 
purpose of this section is to establish an analytical procedure for the 
determination of the residual strength of specimens containing fatigue 
cracks and thereby to eliminate the need for much of the testing which 
would be required to obtain the information experimentally. 

A vast amount of research on failure of structures containing cracks 
has been conducted in connection with failures in ships and other steel 
structures. Most of this work indicates that the phenomenon of the 
transition temperature is involved in the steel problem. Since the 
aluminum alloys do not exhibit a transition temperature , little of the 
work on steels can be extended to the study of static strength of 
aluminum-alloy specimens containing cracks. Irwin (ref. 8) has developed 
an analysis method involving computation of the elastic energy available 
to extend a crack and has suggested its application to "brittle" failure 
in aluminum in addition to steels. Irwin's analysis was developed to 
predict the load required to cause a sudden failure in a plate containing 
a slow-running crack. 

The results of the present work could not be compared readily with 
Irwin's theory because sufficiently accurate solutions for the stress 
distributions in many of the configurations were not available. Further- 
more, in the present tests, only the maximum load carried by a given 
specimen and the length of the crack prior to static loading were recorded. 
Any extension of the crack during static loading was, therefore, not 
observed and direct comparison with Irwin's analysis is not possible. 

The applied load in many tests produced plastic stresses throughout the 
specimen; thus, elastic analyses are probably not directly applicable. 

The point of view adopted in the present paper is that the determina- 
tion of the residual static strength of a specimen containing a fatigue 
crack hinges on the determination of the maximum stress in the specim en. 

The residual static strength of the specimen can then be determined if it 
is assumed that failure occurs whenever the maximum stress equals the 
ultimate tensile strength of the material. In view of other work on 
fracture, the maximum- stress criterion of failure appears to be reason- 
able (ref. 9) for ductile metals. For tests of sheet specimens, the 
effects of triaxiality are small and are therefore neglected in this 
analysis. A procedure for the determination of the stress concentration 
factor at failure Ku has been developed within this general framework. 
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Method of Determination of 

The general plan which has been chosen to compute Ku is made up 
of three steps. Firsts the elastic stress concentration factor Kp> for 
the configuration is computed. Then a correction is made for the abso- 
lute size of the notch by a method developed by Neuber. (See ref. 1.) 
Finally, a correction is made to account for a large decrease in stress 
concentration brought about by plastic action. As shown subsequently, 
each of these steps involves an empirical adjustment of one of the param- 
eters used in that step. In order to simplify the presentation and to 
demonstrate the general applicability of the method, the proposed method 
is developed first for specimens requiring only the plasticity correction. 
The method is then extended to situations requiring size and plasticity 
corrections, and finally the case of the specimen containing fatigue 
cracks is discussed. 

Plast icity effects .- Previous work at the Langley Laboratory has 
led to methods of predicting stress concentration factors in the plastic 
range. Griffith (ref. 10) tested 2024-T3 sheet specimens with central 
holes to study the plastic stress concentration factor for this configu- 
ration. St owe 11 (ref. 2) developed the following ejqpression which agreed 
well with Griffith's results: 


Kp 


1 + 2 


E sec 

( E sh 


( 1 ) 


where Kp is the stress concentration factor in the plastic range, 

E sec is the secant modulus for the material at the point of maximum 
stress, and (e s )^ is the secant modulus for the material remote from 
the hole. 

More recently Budiansky and Vidensek (ref. 11) have analyzed this 
same problem in a more rigorous manner and have found good agreement 
between their results and Stowell's, at least for materials like the 
aluminum alloys. 

In an extension of this work, Hardrath and Ohman (ref. 12) tested 
other configurations of specimens and found that the following generalized 
form of Stowell's equation yielded satisfactory results: 

Kp = 1 + (Bp - l) ( 2 ) 

Although this equation has not been checked by rigorous mathematical 
analysis nor for large strains, it was tried in the present analysis 
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because of its simplicity. For calculation of the stress concentration 
factor at fracture, E sec was replaced by Eu, the secant modulus cor- 
responding to the point of maximum stress on the stress-strain curve. 

(See fig. 4.) The following expression was thereby obtained: 

¥ -1^-1+ (Bp - l)fg (3) 

The complete stress-strain curve for the material is needed to 
solve equation (3) for those cases where the applied stress is plastic. 

In order to simplify the calculations, the secant modulus corresponding 
to the nominal stress on the net section has been substituted for the 
secant modulus for material remote from the hole as used by Stowell in 
reference 2. (This causes no discrepancy with Stowell' s analysis because 
he worked with a hole in an infinite sheet where gross-section stresses 
and net-section stresses are equal.) Calculations based on equation (3) 
require a trial -and-error procedure unless the equation is rewritten in 
the form 

(4> 

In order to use this equation, a series of arbitrary values of the 
failing stress S is assumed. The corresponding values of E n are 
found from the stress-strain curve and, since and E u axe constants 

for the material, a series of Kp values is computed. When these values 
of Kip are plotted against Su/S or K^, the resulting curve may be 
used to obtain the solution of equation ( 3 ) for all values of Kp. 

Size effect .- Many investigators working with stress concentration 
factors have encountered a lack of agreement between values of Kp 

determined by the theory of elasticity and values determined experimen- 
tally. The observed values are always below the theoretical values, the 
difference increasing with decreasing radius of curvature in the notch. 
The effect is found most frequently in analysis of fatigue test results. 

A relation originally developed by Neuber (ref. 1) has been used by 
Kuhn and Hardrath (ref. 13) to predict the endurance limits in fatigue 
tests of steel specimens having notches. The Neuber "engineering" factor 
is based on the concept that materials are composed of small "building 
blocks" of linear dimension p' across which the stress is constant. 

The elimination of the steep stress gradient leads to a reduction in 
stress concentration factor according to the relation: 
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% - 1 + 


Kp - 1 

1 + — as — ./eT 

It — CD V P 


(5) 


where Kp is the elastic stress concentration factor, a) is the included 

angle in the notch, and p is the radius of curvature at the base of the 
notch. Since the reduction in stress concentration factor is dependent 
upon the absolute size of the notch, the expression "size effect" has been 
used in discussion of the phenomenon. 

"*' 6 — 

Other forms for reduced stress concentration factors to account for 
size have been suggested (refs. 14 and 15), but there appears to be no 
conclusive method for choosing between them. The Neuber factor was 
chosen to maintain consistency with previous NACA publications. 

The combination of size and plasticity effects can be accounted for 
by merely substituting the Neuber factor % (eq. (5)) for the elastic 

stress concentration factor in equation (3) : 

«u “ 1 + (% - l)§£ (6) 

Equations (5) and (6) were used to determine values of p' needed 
to predict the results of the four auxiliary tests described in the 
experimental part of this paper. Table VI summarized these results. 

From a knowledge of the specimen configuration, the values of Kp were 

computed; the values of were found experimentally; and p' was 

adjusted to satisfy equations (5) and (6). Examination of the values 
of p’ in table VI indicates some variability, but inasmuch as the square 
root of this quantity is used in equation (5), little accuracy is lost if 
the average value (p* = O.OO36 inch) is used to predict static failure in 
the aluminum alloys tested in this investigation. In the interest of 
simplifying the computations, this value of p' has been adopted for the 
analysis which follows. 



In the analysis of the long-life fatigue properties of aluminum-alloy 
specimens containing notches, Kuhn (ref. 16) has reported that a value of 
p* =0.02 inch gives best agreement. The reason for the disagreement 
between the two values of p' is not known, but it is probably reason- 
able to expect different values to apply for the different modes of fail- 
ure. The symbol p u will be used in the subsequent discussion for the 

special value of p* which is used for static failure. 


For specimens having large radii of curvature at the base of the 
notch, the size correction is, of course, small and % approaches Kp 


Ik 
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Fatigue cracks .- The problem of predicting the static strength of 
specimens containing fatigue cracks according to the system outlined in 
the previous sections depends upon the calculation of Kp for the con- 
figuration. The value % depends critically upon the radius of curva- 
ture at the root of the crack, a dimension not readily measurable by 
ordinary means. In this analysis, the following approach was adopted: 

The effective radius of curvature p g was assumed to be a constant 

independent of the prior history of the specimen and independent of the 
depth of the crack. Several values of p e were then computed from the 

results of tests on several types of specimens for which Kp could be 
computed readily. These computations showed that values of p e of the 
same magnitude as p u were obtained. The assumption that 
p g = P u = O.OO36 inch made possible a further simplification: 

% = 1 + |(k t - l) ( 7 ) 

and 

^ - 1 - ifa - ^ (8 > 

Since the stress concentration factors for some of the configura- 
tions involved in this investigation were not available in the litera- 
ture, semiempirical solutions were used. The detailed methods of com- 
puting Kp and Kjj for the several configurations tested are summarized 
in appendix A. The values of were then taken from figure 15 which 

shows in graphical form the solutions of equation (6) for all configura- 
tions and each of the materials tested. 


Comparison Between Calculations and Experiments 


The method described was used to predict the strengths of all of 
the configurations tested. The results of the computations are pre- 
sented as the theoretical curves in figures 6 to 14. 


For the unmodif led 2^ - inch-wide specimens made of each of the four 

materials (figs. 6 to 9 ), the agreement between theory and experiment was 
very good. In the cases of specimens made symmetrical by removal of 
material or by making a saw cut on the side opposite the fatigue crack, 
the analysis again gave good predictions or was conservative. 


Figure 10 illustrates that for the 12-inch-wide specimens the pre- 
dictions were good or conservative. The largest discrepancy on the 
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conservative side is for the strength of 2024-T3 specimen 20, table III. 
Examination of this specimen revealed that whereas most cracks grew at 
right angles to the direction of applied load, the fatigue crack in this 
specimen grew at 70° to the direction of the applied load. For crack 
growth of this type, the analysis used would be expected to give con- 
servative results. 

The theoretical curves in figure 10 for specimens with central holes 
were computed on the assumption that the cracks were symmetrical. In 
those tests where the cracks were not symmetrical, the effect of eccen- 
tricity was small. Hence, the agreement between tests and predictions 
was good. On the other hand, theoretical curves for specimens with edge 
notches were computed on the assumption that only one crack occurred. The 
prediction is, therefore, very conservative when compared with the strength 
of specimen 21 in table III in which symmetrical cracks were formed. 

The predictions for 35-inch-wide specimens (fig. 11) were in excel- 
lent agreement with the tests. For large cracks, the analysis predicted 
accurately the strength of specimens restrained against buckling. Speci- 
mens which were unrestrained and which buckled probably developed addi- 
tional secondary stresses which decreased their static strength. This 
buckling may have been present to some extent in specimens having cracks 
through 25 percent or 30 percent of the original net area. 

For 3 /4-inch-thick specimens (fig. 12) with central holes, the pre- 
diction is conservative for 2024-T4 material and unconservative for 
7075-T6 material. The assumption that p u was a constant for all the 

materials used in this investigation may be responsible for this dis- 
crepancy. Sheet specimens predominated in this investigation and had 
a strong influence on the choice of p u . Other values of p u would 

undoubtedly improve the predictions, but the existing data are probably 
not sufficient to justify the choice of such new values. 

Analysis of the specimens with tangs presents more difficulties 
than any other case tested. The holes in the tangs tend to produce four 
cracks, two of which eventually reach the edge of the specimen; thus, 
the specimen acts thereafter as though it had edge notches. The change 
in thickness across the width adds additional complications regarding 
eccentricities and computation of stress concentration factors. There- 
fore, each specimen should be treated as a separate problem. The curves 
in figures 13 and 14 were computed according to two simple sets of assump- 
tions to indicate that reasonable estimates can be obtained by the pro- 
posed method. In the symmetrical case cracks were considered to grow 
from both holes, and in the unsymmetrical case cracks were considered to 
grow from one hole only. These curves are intended to cover the extremes 
of crack behavior. The details of these computations are outlined in 
appendix A. Since the actual cracks in many of the specimens did not 
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conform exactly to either one of these schemes, individual values of the 
percent material strength were computed and are presented in tables V(b) 
and V(d) together with the sketches of the corresponding cracked cross 
sections. When the complexity of the specimen and the assumptions made 
are considered, the agreement is probably better than would be expected. 

In general, the procedure developed herein gives good re suit s , 
especially for small cracks, which probably are the only ones of real 
concern. The fact that the method is able to predict differences between 
behaviors of alloys and types of specimens is considered to be noteworthy. 

In addition to simplifying the computation of K^, figure 15 compares 

static notch sensitivities of these aluminum alloys. It is seen that the 
notch sensitivity is a function of %. When Kjj is large (greater than 
about 5), the 7075 aluminum alloy is more sensitive to notches than 
2024 alumi num alloy because it has a higher ultimate tensile strength and 
a lower corresponding elongation than does the 2024 material. Therefore, 
the resulting value for E u /E n is greater in the 7075 material than in 

the 2024 material. 

The curves in figure 15 are linear whenever is sufficiently 

high to cause the net-section stress to be in the elastic range. Then, 

E n is E, and E u /E is a constant. This situation exists for deep 

cracks or very sharp machined notches in both alloys and, in the 
7075 materials, for milder notches. 

For lower values of %, the 2024 material is more sensitive than 

the 7075 material. The primary reason for this sensitivity is that for 
2024 material the proportional limit is a smaller percentage of the 
ultimate tensile strength than it is for 7075 material. The result is 
3 that the net-section stress is usually well into the plastic range, the 
value of E n is less than E, and the value of E u /E n for the 
2024 material is greater than the value for the 7075 material. Thus, 
the value of is greater for the 2024 material than for the 

7075 material. This fact explains qualitatively why the 2024 specimens 
exhibit a greater reduction in static strength due to machined notches 
than do specimens made of 7075 aluminum alloy. The authors know of no 
other theory which has predicted greater strength reductions for 
2024 specimens than for 7075 specimens with like configuration. 

Quantitatively, predictions by this analysis method are conservative 
when applied to tests of specimens with holes or notches but without 
cracks. The reason for this is not known. The beneficial effects of 
triaxiality, which have been neglected in this analysis, should be less 
for large notches than for sharp cracks. Specimens with large notches 
would therefore be expected to have lower strength. Statistical 
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sampling effects should also produce lower strength in specimens with 
larger volumes of material subjected to high stress. Reasonable changes 
in p u will probably not suffice to improve the predictions significantly 
since the size correction (eq. ( 5 )) is not very important for the sizes 
involved . 

The effects of specimen width and of eccentricity noted in the 
experimental part of the paper are also predicted by the analysis method. 
Figures 16 and 17 show comparisons between predicted curves for the four 
configurations of specimens tested in each of the two sheet materials. 

The tendency for wide specimens to be more sensitive to cracks than nar- 
row specimens is apparent. The curves for 12-inch-wide and 35-inch-wide 
specimens with central holes tend to be parallel for cracks penetrating 
more than 10 percent of the original net area. The curves for specimens 
with edge notches ^ 2^- and 12 inches wide ^ are also parallel for cracks 

penetrating more than 10 percent of the original net area but show con- 
siderably more reduction in strength for deep cracks as a result of the 
eccentricities present than do the curves for specimens with central 
holes. 


The general agreement between theory and experiment tends to justify 
the assumptions made, at least for the aluminum alloys tested. As yet 
the method has not been tried for other materials, and the proposed 
method of determining should not be extended without further checking. 

However, it is expected that many of the practical problems associated 
with crack growth in aircraft will concern aluminum structural alloys, 
for which the present method appears applicable. 


CONCLUSIONS 


Static tests of 2024 and 7075 aluminum-alloy specimens containing 
mild machined notches but without cracks revealed that the strength of 
the 2024 specimens is lower, percentagewise, than is the strength of 
the 7075 specimens. 

Static tests of 2024 and 7075 aluminum-alloy specimens containing 
fatigue cracks support the following conclusions: 

1. Small cracks caused large decreases in static strength. 

2. The static strength of specimens made of 7075 aluminum alloy was 
significantly more sensitive to the effects of cracks than the static 
strength of similar specimens made of 2024 aluminum alloy. 
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3. On the basis of percentage of net area lost by fatigue cracking, 
wide specimens experienced greater loss of strength than narrow specimens 
with similar conf igurations . 

4. Specimens tested with the final net area eccentric with respect 
to the load had lower static strengths than similar specimens which were 
loaded along a line passing through the center of the remaining area. 

5. There was little, if any, difference between static strengths of 
similar specimens made of sheet and extruded material for the same alloy. 

A method of analysis based on calculation of an elastic stress con- 
centration factor for the configuration and on corrections for size and 
plasticity according to the Neuber "engineering" factor and the Stowell 
formula, respectively, was reasonably successful in predicting the observed 
test results. Empirical evaluation of the effective radius of curvature at 
the root of a fatigue crack in the materials tested and of the Neuber 
constant showed that good agreement was obtained when both quantities 
were assigned the value O.OO36 inch. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., July 6, 1958. 
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APPENDIX A 
DETERMINATION OF % 


This appendix is a brief outline of the methods of computation used 
in the main body of the paper for the determination of Kjj. In each case 

the effects of eccentricities, if any, must be accounted for and the com- 
bination of a large machined notch and a small crack must be considered. 
Each type of configuration will be treated. 


Central Hole With Small Cracks 


Howland's analysis (ref. 17) for a hole in a finite sheet was used 
to obtain for the hole. This value was corrected for size by the 


Neuber formula: 


% = 


1 + 


Krp - 1 



Small cracks 


regions beside the hole were assumed to act in a 
shallow cracks in a sheet having parallel sides, 
notches (ref. 1) 


within the highly stressed 


manner similar to that of 
The formula for shallow 


Kp « K S = 1 + 2 p- (Al) 

[ p u 

was used. For the case where t = p u = O.OO36 inch, this formula yields 

the value 3 and substitution of this value into equation (7) produces 

= 2. The value of for the combination of a hole and a very small 

crack was then assumed to be the product of these two values of Kjj or, 
simply, twice the value of Kjj for the hole. Figure 15 was then used 
to obtain the corresponding value of K^. This method was used to com- 
pute one point on each of the predicted curves. 


Central Hole With Large Cracks 

As the crack becomes larger the stress distribution becomes less 
dependent upon the existence of the original hole. The configuration 
was assumed to be represented by an ellipse whose major axis equaled the 
diameter of the hole plus the crack length. Existing analyses (refs. 1 
and 18) of stresses around ellipses in finite sheets are not readily 
extended to cases in which the ellipse is not in the middle of the specimen. 
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The following semiempirical method was therefore used to estimate the 
stresses at cracks originating from a central hole. Neuber (ref. 1) 
and others have suggested the form 

% - 1 + 2/f 

for a small ellipse in a wide sheet. This formula yields the appropriate 
value of 3 for the circular hole. If it is assumed that the first te rn 
accounts for the stress present without a notch and that the factor ^ t/p 

accounts for the flatness of the ellipse, appropriate modification of 
the factor 2 might account for the finite width of the sheet. The Howland 
and Sjostrom analyses (refs. 17 and 19) were used to make this modifica- 
tion as follows: 


Melllpse ’ 1 + [Whole " X ] ^ < A2 > 

where ( ^T ^ ^ is the stress concentration factor for a hole with a 

diameter equal to the major axis of the ellipse and located at the 
appropriate position in a sheet of finite width (values from fig. 18) . 

This analysis yields values somewhat greater than those predicted by 
Westergaard (ref. 18), but was used because of the possibility of applying 
it to eccentric cases. 

Values of Ky for cracks with t/p > 10 were obtained by computing 
Kp according to the method just described, 1% according to formula (7), 
and finally from figure 15 . In the narrow region 1 < t/p < 10, the 

predicted strength curve was arbitrarily faired. 


Symmetrical Edge Notch With Cracks 

The same type of analysis as described in the preceding section was 
used for small cracks (t/p = l) . The value of Kjj for the edge notch 

was determined by Neuber' s equations for deep and shallow notches, his 
transition formula 


k* . i + fa-i)fa_-j)_ c 

/fa - i ) 2 + fa - i ) 2 

and finally his engineering factor (eq. (7))* This value of Kjj was 
multiplied by 2 which is the value of Kjj for a crack with t/p = 1. 
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Stress concentration factors for cracks deeper than t/p = 10 were 
again assumed to be independent of the original notch. The configuration 
was then assumed to be represented by symmetrical edge notches whose depth 
equaled the sum of notch depth and crack depth. Neuber 1 s relations were 
used as before. Since in each of the cases under consideration the 
ratios t/p and a/p are large, the Neuber relations may be simplified 
by taking the limiting form of each relation as p — >0. This procedure 
results in 


Kg = 1 + 2 


/t/p 


and 


k d = 



m 


(A5) 


Edge Notches With Unsymmetrical Cracks 

In nearly all cases, the cracks in specimens having edge notches 
were either on one side only or significantly longer on one side than on 
the other. Trial computations showed that, in each case, the best pre- 
dictions were obtained when the side of the specimen opposite the longest 
crack was assumed to have a straight boundary. For example. 


V 

V 


Short crack 

7 "\ " 


Neuber has two solutions which are useful to treat unsymmetrical cracks. 
The first is the solution for local stress due to tension load applied 
along the axis passing through the center of the net section and is shown 
by the following illustration and equations : 



Kg = 1 + 2|/t/p (A6a) 


(A6b) 


P 


K d = 0.83^/p 
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The second is for local stress due to bending and is as follows: 


Kg = 1 + 2]jtjp (ATa) 


M 


k d = 1 . 13 ^/p ( A 7b) 

Both sets of equations (eqs. (A6) and (AT)) were used, and % 
and % for the axial load and bending cases were obtained from the 

usual Neuber relations (eqs. (A3) and (5))» The local stress was 
finally obtained from the following relation: 



“max ■ !(%) axlal + TWbendir* (A8> 

Based upon some additional tests designed to determine the end fixity of 
the specimens in the testing machine, the moment M in the above relation 

was taken to be ^Pe where e is the eccentricity of the load with 

respect to the remaining net section. For rectangular cross sections, 
equation (A8) reduces to 


(^combination p/a ^axial + ^ a ^bending ^ 

Equation (A9) was used to compute Kjj for all cases of cracks 

growing from edge notches except for the cases where the specimens were 
made symmetrical by removal of material or by saw cuts. In these cases, 
no bending was present and only (%) was needed. 


Specimens With Tangs 

The theoretical curves for specimens with tangs, figures 13 and 14, 
were computed for two assumed modes of crack growth: symmetrically 

cracked and cracked on one side only. 
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For the symmetrical case, cracks of equal length were assumed to 
grow as shown: 


The analysis for case A was similar to that used for holes with cracks 
in sheet specimens. Case B was analyzed by using the procedure for sym- 
metrical edge notches. 

For the case of cracks on one side only, cracks were assumed to 
grow from one hole instead of both. The analysis was similar to that 
for the symmetrical case except that the eccentricity of loading was 
also taken into account. 

Since two different thicknesses of tang contributed different per- 
centages of area for a given crack depth, a separate strength curve was 
found for each. Individual percent material strengths computed for each 
of the actual crack configurations are presented in tables V(b) and V(d). 



Case A 


Case B 
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APPENDIX B 

APPEARANCE OF FAILURE SURFACES 


One interesting aspect of the investigation was the appearance of 
the failure surfaces. In every case the boundary between the fatigue 
crack and the static failure was clearly visible. The contrast was 
particularly striking in the cases of the 3 /4-inch-thick specimens. Fig- 
ure 19 shows photographs of typical specimens. 

The "herringbone" patterns visible in figure 19(a) were found only 
in the 2024-T4 specimens with tangs. The static failure of thick speci- 
mens without tangs in each of the materials was characterized by a granu- 
lar surface on a plane normal to the axis of the specimen except for the 
outer l/8 inch of material, where the familiar shear failure was present. 
Failures in 7075-T6 specimens with tangs (fig. 19(c)) were extremely 
jagged and had little tendency to occur along a plane normal to the axis 
of the specimen. Some evidence of lamination in the material was found 
for these latter specimens although specimens without tangs cut from the 
same bars showed no such characteristics. 

Fatigue cracks in the sheet specimens and thin extrusions were 
usually in a plane normal to the surface. The statically failed portion 
of the surface was usually of the shear type. However, in 7075-T6 speci- 
mens there was a consistent tendency for the material near the middle of 
the thickness to fail along a surface normal to the face of the sheet. 

The usual shear failure was present near both faces. 
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TABLE I 


TENSILE PROPERTIES OF MATERIALS TESTED 


Material 

Yield stress 
(0.2 percent offset), 
ksi 

Ultimate 

strength, 

ksi 

Total elongation, 
2-inch gage length, 
percent 

Young’s 
modulus , 
ksi 

Number of 
specimens 

2024-T3 sheet 

52. 7 

71.9 

19.5 

10.6 X 10 5 

l4 

2024-T4 extrusion 

52.7 

67.2 

16.7 

10.5 

40 

2024-T4 rolled bar 

46.2 

64.8 

20.9 

10.2 

34 

7075 -T 6 sheet 

74.0 

80.5 

12.8 

10.3 

6 

7075 -T 6 extrusion 

78.5 

86.6 

n.o 

10.5 

16 

7075 -T 6 extruded bar 

77-9 

89 .O 

13.3 

10.6 

12 


ro 
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TABLE II 


RESULTS OF STATIC TESTS OF 2^ - INCH- WIDE SPECIMENS 
4 


(a) Unmodified specimens 


ro 

00 


2024-T3 sheet 


2024-T4 extrusion 


7075-T6 sheet 


7075-T6 extrusion 


Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

s o/Su> 

percent 

1 

0.0 

73.8 

102.6 

2 

2.0 

54.4 

75.7 

3 

4.6 

‘ 49.6 

69.I 

4 

7.5 

49.0 

68.2 

5 

7.5 

48.6 

67.8 

6 

12.4 

41.1 

57.3 

7 

13.2 

46.2 

64.4 

8 

13.9 

38.4 

53.5 

9 

15.7 

44.3 

61.6 

10 

17.6 

43.0 

59.9 

11 

23.3 

35.6 

49.5 

12 

24.2 

38.9 

54.1 

15 

27.3 

35.3 

49.1 

14 

27.6 

33.2 

46.2 

15 

29.0 

30.5 

42.5 

16 

29.5 

33.1 

46.0 

17 

30.5 

31.6 

44.0 

18 

30.8 

32.8 

45.6 

19 

33.0 

29.4 

41.0 

20 

34.0 

32.5 

45.2 

21 

39.9 

29.0 

40.3 

22 

42.5 

27.0 

37.6 

23 

44.6 

24.3 

33.8 

24 

45.9 

23.8 

33.1 


Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

S 0 /Su> 

percent 

25 

0.0 

71.0 

105.5 

26 

6.3 

53.3 

79.2 

27 

9.7 

45.3 

67.4 

28 

10.3 

44.4 

66.0 

29 

15.7 

39.0 

58.0 

30 

25.2 

30.3 

45.0 

31 

26.5 

30.5 

45.4 

32 

27.7 

32.0 

47.5 

33 

27.8 

31.4 

46.7 

3^ 

33.0 

29.9 

44.5 

35 

33.2 

27.6 

41.0 

36 

33.3 

26.6 

39.6 

37 

37-2 

26.2 

39.0 

38 

43.5 

24.8 

36.9 

39 

44.6 

22.8 

• 33.9 

40 

48.4 

20.6 

30.6 

4l 

75^ 

12.5 

18.6 


Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

s o/ s u< 

percent 

42 

0.0 

87.3 

108.4 

43 

1.0 

76.8 

95.5 

44 

1.8 

62.9 

78.1 

45 

2.2 

69.8 

86.8 

46 

2.5 

55.0 

68.4 

47 

9.6 

48.2 

60.0 

48 

13.4 

42.5 

52.8 

49 

15.8 

40.6 

50.5 

50 

16.0 

42.4 

52.7 

51 

18.5 

40.5 

50.4 

52 

21.5 

38.6 

48.0 

53 

28.4 

35-2 

43.7 

54 

31.7 

29.2 

36.3 

55 

32.4 

31.8 

39.5 

56 

36.9 

25.0 

31.1 

57 

37.0 

26.4 

32.8 

58 

38.2 

27.3 

34.0 

59 

39.0 

24.4 

30.4 

60 

39.5 

25.2 

31.3 

61 

42.9 

25.9 

32.2 

62 

43.2 

23.1 

28.7 

63 

43.9 

20.9 

26.0 

64 

45.8 

22.9 

28.5 

65 

53.0 

19.9 

24.8 


Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

V 8 * 

percent 

66 

0.0 

87.6 

101.2 

67 

0.0 

82.7 

95.5 

68 

0.8 

70.8 

81.7 

69 

1.0 

49.0 

56.5 

70 

2.1 

71.3 

82.3 

71 

5.1 

54.4 

62.8 

72 

7.0 

50.5 

58.3 

73 

8.6 

50.0 

57.7 

74 

11.8 

43.5 

50.2 

75 

18.0 

36.0 

41.6 

76 

26.6 

31.2 

36.0 

77 

27.0 

28.4 

32.8 

78 

28.8 

30.9 

35.7 

79 

29.0 

31.2 

36.0 

80 

29.0 

27.9 

31.0 

81 

32.2 

30.2 

34.8 

82 

37.5 

27.5 

31.7 

83 

40.2 

23.0 

26.6 

84 

47.2 

21.4 

24.7 

85 

61.1 

16.1 

18.6 

86 

62.6 

14.4 

1 6.6 
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TABI£ II.- Concluded 


"V 


RESULTS of static tests OF 2^- inch-wide specimens 


(b) Modified specimens 



2024-T3 sheet 


r 

2024 -T4 extrusion 

1 

l 

7075 -T 6 sheet 



7075 -T 6 extrusion 



Eccentricity reduced (material removed) 

Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksl 

Static 

strength, 

w 

percent 

Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

S o/V 

percent 

Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

S o/ S u 

percent 

Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksl 

Static 

strength, 

S o/ S u 

percent 

1 

2 

3 

4 

5 

J3-7 

26.2 

32.3 
4o.o 

58.4 

46.0 

42.0 

38.3 

34.4 
22.3 

64.0 
58.5 
53.3 

48.0 

31.0 

16 

17 

18 

5.3 

30.5 

56.9 

50*6 
33.8 
23 ,6 

75.4 

50.3 

35.1 

26 

27 

28 

29 

30 

31 

3.6 

10.5 

30.6 
38.2 
46.7 
57.5 

55.0 

54.4 

42.0 
40.2 
37.8 

32.4 

68.3 

67.5 

52.1 
50.0 
47.0 

40.2 

49 

50 

51 

11.8 

19.9 

39.7 

52.0 

43.6 

38.9 

60.0 

50.3 

44.9 



Eccentricity re< 

luced (saw 

cut) 







6 

7.5 

50.6 

70.5 

19 

4.7 

54,6 

81.3 

32 

7.2 

56.1 

69.8 

52 

14.5 

36.7 

42.3 

J 

17.1 

46.8 

65.0 

20 

19.7 

46.5 

69.2 

33 

13.2 

52.0 

64.6 

53 

17.7 

50.4 

58.1 

0 

35.6 

35.6 

49.6 

21 

63.8 

21,0 

31.2 

34 

21.0 

49.5 

61.5 

54 

18.3 

51.0 

58.9 

9 

45.0 

32.5 

45.2 

22 

65.6 

20.5 

30.5 

35 

23.0 

56.4 

70.0 

55 

29.2 

44.9 

51.8 

10 

58.5 

24.1 

33.6 





36 

26.0 

43.0 

53.5 

56 

35.1 

38.9 

45.0 









37 

34.5 

4i.o 

51.0 

57 

40.4 

39.4 

45.5 









38 

39.5 

42.6 

53.0 

58 

58.0 

30.6 

35.3 









39 

39.8 

43.6 

54.2 













40 

42.0 

42.1 

52.4 













4l 

44.7 

40.8 

50.6 













42 

56.4 

32.7 

40.6 













43 

59.0 

29.6 

36.8 






Symmetrical saw cuti 

3 (no fati( 

Sue crack) 






11 

6.9 

53.7 

74.9 

23 

8.9 

52.4 

77.9 

44 

8.6 

65.7 

81.6 

59 

10.0 

66.5 

76.8 

12 

8.3 

53.9 

75.0 

24 

32.7 

40.0 

59.5 

45 

15.4 

52.7 

65.5 

60 

39.5 

51.1 

59.1 

13 

33.8 

40.2 

56.0 

25 

33.2 

40.3 

60.0 

46 

34.6 

48.0 

59.6 

61 

4o.o 

43.5 

50.2 

l4 

65.5 

22.9 

31.9 





47 

55.5 

34.1 

42.4 

62 

65.9 

26.7 

30.8 

15 

66.0 

21.1 

29.4 





48 

66.4 

27.8 

34.6 






ro 

vo 
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TABLE III 


v>l 

o 


RESULTS OF STATIC TESTS GF 12 -INCH -WIDE SPECIMENS 


2024-T3 sheet 

7075-T6 

sheet 

With central hole 

With edge notch 

With cen 

tral hole 



With ed 

ge notch 


Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

So/Su. 

percent 

Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

So/Su, 

percent 

Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

So/ 3 ** 

percent 

Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 

strength, 

So/Su- 

percent 

1 

2 

5 

4 

5 

6 

7 

8 
9 

10 

11 

12 

15 

0.0 

0.0 

2.5 

5.0 

13.0 

17.4 

17.8 

18.0 

19.8 

34.0 

54.7 

34.8 

55.9 

62.1 

58.8 

50.9 

51.7 

43.2 
43.1 
41.4 

44.3 

59.7 

26.8 

27.9 
28.8 
27.6 

86.5 
81.9 

70.8 
72.0 
60.2 

54.8 
43.2 
56.0 

55.5 

57.5 

58.9 
38.8 
38.4 

14 

15 

16 

17 

18 

19 

20 
21 

0.0 

1.1 

H.7 

12.0 

12.6 

23.4 

41.0 

41.9 

69.8 

56.7 

45.4 

41.5 

44.3 

36.4 
28.3 

51.5 

97.1 

79.0 

63.1 
57.8 
61.6 
50.7 
39.4 
*0-5 

22 

23 

24 

25 

26 
27 

0.0 

0.1 

2.1 

9.3 

18.0 

29.8 

78.2 

64.0 

49.6 

41.6 

40.7 
23.9 

97-2 

79.5 

61.7 

51.8 

50.6 
29.1 

28 

29 

30 

31 

32 

33 

34 

35 

0.0 

0.1 

1.3 

2.2 

3.9 

5.8 

13.6 

23.7 

83.4 
65.3 
42.9 
35.0 
39.7 

32.5 

31.6 
25.5 

103.5 

81.1 

53.3 
43.5 

49.3 

40.4 
39.3 
31.7 


TABLE IV 


RESULTS OF STATIC TESTS OF 35-INCH-WIDE SPECIMENS 


2024-T3 sheet 

7075-T 

6 sheet 


Specimen 

Cracked 

area, 

percent 

original 

area 

Static 

strength, 

ksi 

Static 
strength , 

So/Su* 

percent 

Specimen 

Cracked 

area, 

percent 

original 

area 

Static 
strength , 
KBi 

Static 

strength, 

So/Su* 

percent 

1 

0.0 

57-9 

80.5 

8 

0.0 

80.2 

99.5 

2 

0.2 

49.6 

69.0 

9 

0.8 

46.2 

57.5 

3 

1.4 

48.1 

66.9 

10 

4.5 

35.6 

44.0 

4 

11.6 

37.4 

52.0 

11 

14.7 

22.3 

27.7 

5 

28.5 

23.6 

32.8 

12 

23.5 

15.3 

19.0 

6 

49.5 

13.6 

18.9 

13 

49.6 

9.8 

12.2 

7 

49.7 s 

19.1 

26.6 

14 

50.0 a 

12.0 

14.9 


^ith guides 
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TABLE V 

RESULTS OF STATIC TESTS OF ^A-INCH-THICK SPECIMENS 
(a) 202^-T4 rolled bar 2 inches wide 
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TABLE V.- Continued 


RESULTS OF STATIC TESTS OF 3/4-INCH-THICK SPECIMENS 
(b) 202k-Tk rolled bar with tangs 
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TABLE V.- Continued 

RESULTS OF STATIC TESTS OF 3/4-INCH-THICK SPECIMENS 
(c) 7075 ~t 6 extrusion 2 inches wide 
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TABLE V.- Concluded 


RESULTS OF STATIC TESTS OF 5/4-INCH-THICK SPECIMENS 
(d) 7075 -T 6 extrusion with tangs 


[For specimens 2, 3> and 10, the first numbers indicate the conditions 
under which the crack advanced completely through one tang. The num- 
bers in parentheses are conditions at final failure of the specimen.^ 
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TABLE VI 


RESULTS OF AUXILIARY TESTS 
[p = 0.005 in.; % = 27 . 4 J 


Aluminum 

alloy 

Type of notch 

Experimental 

*u 

% 

(eq. (5)) 

Computed p', 
in. 

2024 -T3 

60 0 V-notch 

1.46 

12.5 

0.0038 

7075-T6 

60 0 V-notch 

2.15 

15.0 

.0019 

2024-T3 

U-notch 

1.48 

15.7 

.0057 

7075 -T 6 

U-notch 

2.25 

16.2 

.0028 





Av. = O.OO 36 
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Figure 1.- Configuration of small specimens. 
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Figure 2.- Configuration of sheet specimens. 
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Figure 3.- Configuration of specimens made from 3A“inch-thick bar stock. 
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Figure 4.- Stress -strain curves for materials tested. 
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Face Transverse Longitudinal 



(a) 2024 -T3 sheet. 



(b) 2024-T4 extrusion. 



(c) 7075 -T 6 sheet. 



(d) 7075 -T 6 extrusion. 


L-93582 


Figure 5*- Macrostructure of materials used for small specimens (xlO). 
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Figure 6.- Effect of fatigue cracks on strength of 202h-T3 aluminum-alloy - 

sheet specimens 2^ inches wide . 
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Figure 7 .- Effect of fatigue cracks on strength of 2024 -T4 aluminum-alloy 

extrusion specimens 2 ^ inches wide. 
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Figure 8 .- Effect of fatigue cracks on strength of 7075-T6 aluminum-alloy - 

sheet specimens 2 — inches wide, 

k 
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Figure 9.- Effect of fatigue cracks on 

extrusion specimens 


strength of 7075-T6 aluminum-alloy - 
2— inches wide. 

4 


NACA TN 3816 


45 


110 r 


K u = I.O 
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Figure 10.- Effect of fatigue cracks on strength of 2024-T3 and 7075 -T 6 
aluminum-alloy-sheet specimens 12 inches wide. (Symmetrical cracks 
were assumed in computing curves for specimens with central holes; 
cracks on one side only were assumed in computing curves for speci- 
mens with edge notches.) 
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Experiment 



Cracked area, percent original area 


Figure 11.- Effect of fatigue cracks on strength of 2024-T3 and 7075-T6 
aluminum-alloy-sheet specimens 35 inches wide. 
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Figure 12.- Effect of fatigue cracks on strength of 3/4- inch-thick speci- 
mens made from 2024-T4 aluminum-alloy rolled bar and 7075-T6 aluminum- 
alloy extruded bar. (Symmetrical cracks were assumed in computing 
curves . ) 
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Experiment 
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- Effect of fatigue cracks on strength of l/8-inch-thick tang 
ns made from 2024-T4 aluminum-alloy rplled bar and 7075”T6 
m-alloy extruded bar. 
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Figure 14. - Effect of fatigue cracks on strength of l/4-inch-thick tang 
specimens made from 2024 -T4 aluminum-alloy rolled bar and 7075 -T 6 
aluminum-alloy extruded bar. 
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Figure 15 .- Relation between stress concentration factor at failure and 

the Neuber factor. 


NACA TN 38l6 


51 



0 


10 


—I I | | 1 | , 

20 30 40 50 60 70 80 

Cracked area, percent original area 


Figure l6.- Predicted strengths of 2024-T3 aluminum-alloy-sheet specimens. 
( Symmetrical cracks were assumed in computing curves for specimens with 
central holes cracks on one side only were assumed in computing curves 
for specimens with edge notches . ) 
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Figure 17*- Predicted strengths of 7075-^6 aluminum-alloy-sheet specimens. 
(Symmetrical cracks were assumed in computing curves for specimens with 
central holes; cracks on one side only were assumed in computing curves 
for specimens with edge notches . ) 
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Figure 18.- Stress concentration factor for an axially loaded sheet con- 

taining an eccentric hole. 
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Figure 19 •- Photographs of failed surface of 5/4-inch-thick specimens. 
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